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I n t r o d u c t i o n  

U n t i l  r e l a t i v e l y  r e c e n t l y  the  sun was thought t o  be a source  of ionized 

gasevus aid eiierget i c  p a r t i c l e  emiss ions for only s h o r t  pe r iods  of time 

fo l lowing  t h e  development of s o l a r  f l a r e s .  These temporary emissions pro- 

pagated i n t o  i n t e r p l a n e t a r y  space and subsequently i n t e r a c t e d  wi th  t h e  atmos- 

phere and magnetic f i e l d  of t h e  e a r t h  t o  produce s i g n i f i c a n t  f l u c t u a t i o n s  i n  

v a r i o u s  geophys ica l  parameters .  Most c h a r a c t e r i s t i c  were t h e  magnetic s torm 

and a s soc ia t ed  a u r o r a l  phenomena which lead Chapman and F e r r a r o  and subsequent 

workers t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of conkining t h e  geomagnetic f i e l d  w i t h i n  

a f i n i t e  volume by t h e  expanding s o l a r  plasma. S ince  t h i s  paper is not  con- 

cerned w i t h  the  d i s c u s s i o n  of t r a n s i e n t  d i s turbances  but  on ly  t h e  s t eady  s t a t e  

we s h a l l  no t  i nc lude  a d i s c u s s i o n  of t h i s  e a r l i e r  work o r  t h e  most r ecen t  

s a t e l l i t e  measurements on t h e  magnetic storm phenomena. 

The i n v e s t i g a t i o n  of magnetic storms led  Chapman and subsequent ly  Chamber- 

l a i n  and Parker  t o  s tudy i n  more d e t a i l  the s t a t e  of the atmosphere of t h e  sun 

and i t s  ex tens ion  i n t o  i n t e r p l a n e t a r y  space. Th i s  work was s t imula ted  by 

Biermann's s tudy  of t y p e  I ionized  gas  comet t a i l s .  

e x p l o r a t i o n  of space by a r t i f i c i a l  e a r t h  s a t e l l i t e s  w a s  begun, t h e  concept 

of t h e  phys ica l  p r o p e r t i e s  of  i n t e r p l a n e t a r y  space were undergoing a major 

r e v i s i o n .  T h e o r e t i c a l  work, p r i n c i p a l l y  by P a r k e r ,  suggested a con t inua l  f l u x  

of s u b s t a n t i a l  plasma from the  sun because of  t he  very  high temperatures  on i t s  

su r face .  D i r e c t  measurements by s a t e l l i t e s  have confirmed t h e  ex i s t ence  of a 

cont inuous s o l a r  p l a sma ,  t h e  s o l a r  wind, and have provided d e t a i l e d  measurements 

of i t s  i n t e r a c t i o n  wi th  t h e  geomagnetic f i e l d .  Th i s  paper is concerned w i t h  re- 

viewing those  experiments which provide information on t h e  s teady  s t a t e  of 

Thus, i n  1957 when t h e  

-. t h e  ou te r  geomagnetic f i e l d  and t h e  s o l a r  wind i n t e r a c t i o n  wi th  i t .  We s h a l l  

begin  wi th  a b r i e f  h i s t o r i c a l  review of  the i i r s t  f i v e  years  (1957-1962) 

experiments  and t h e i r  i n t e r p r e t a t i o n .  We s h a l l  then d i s c u s s  the  most r ecen t  

r e s u l t s  ob ta ined  s i n c e  1963 wi th  e s s e n t i a l l y  "second generat ion" s a t e l l i t e  

experiments which have provided inc reas ing ly  more d e t a i l e d  and d e f i n i t i v e  

measurements as w e l l  as d i scove r ing  important new a s p e c t s  of t h e s e  phenomena. 
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A chronological  s u m a r y  of t hose  s p a c e c r a f t  which have provided measurements 

1 of t h e  magnetic f i e l d s  i n  space i s  p resen ted  i n  Table  1. T h e i r  p e r t i n e n t  space- 

c r a f t  o r b i t a l  c h a r a c t e r i s t i c s  and experiment parameters  are a l s o  included.  

C e r t a i n  of t he  s p a c e c r a f t ,  as i n d i c a t e d  w i t h  an a s t e r i s k ,  have a l s o  included 

plasma d e t e c t o r s  s e n s i t i v e  t o  e i t h e r  e l e c t r o n s  o r  i ons  w i t h  e n e r g i e s  less 

than 10 kev. These e s s e n t i a l l y  a r e  most important i n  t h e  i n v e s t i g a t i o n  of 

t h e  s o l a r  wind i n t e r a c t i o n  w i t h  t h e  geomagnetic f i e l d .  T h i s  paper w i l l d i s c u s s  

< .  

mainly magnetic f i e l d  and plasma r e s u l t s  as w e l l  as c e r t a i n  e n e r g e t i c  p a r t i c l e  

measurements which a r e  a p p r o p r i a t e  t o  t h i s  paper.  The g e n e r a l  problem of ene r -  

g e t i c  p a r t i c l e s  i n  t h e  magnetosphere i s  covered i n  another  review paper of 

t h i s  meeting. 

I 

A s  a r e s u l t  of t h e  f l u x  of low energy plasma from t h e  Sun and t h e  e f f e c t s  

of  i t s  i n t e r a c t i o n  wi th  the  geomagnetic f i e l d ,  e x t r a t e r r e s t r i a l  space i s  now 

considered t o  b e  d iv ided  i n t o  t h r e e  r eg ions :  

(i) The i n t e r p l a n e t a r y  r eg ion  where t h e  p r o p e r t i e s  of t h e  i n t e r p l a n e t a r y  

medium are  undis turbed by t h e  presence o f  t h e  E a r t h ,  and i t s  magnetic 

f i e l d .  

I 
(ii) The magnetosheath , a s s o c i a t e d  w i t h  t h e  i n t e r a c t i o n  of t h e  s o l a r  wind 

wi th  the  geomagnetic f i e l d .  

(iii) The magnetosphere, t h a t  r eg ion  oE space con ta in ing  t h e  geomagnetic f i e l d  

( t h e  c l a s s i c a l  Chapman-Ferraro geomagnetic c a v i t y . )  

Sepa ra t ing  these  t h r e e  r e g i o n s  of space are two s u r f a c e s  whose p h y s i c a l  

c h a r a c t e r i s t i c s  have only r e c e n t l y  been i n v e s t i g a t e d :  

(i) The c o l l i s i o n l e s s  magnetohydrodynamic shock wave s u r f a c e  s e p a r a t i n g  t h e  

undisturbed i n t e r p l a n e t a r y  medium from t h e  magnetosheath. 

(ii) The magnetopause, s e p a r a t i n g  t h e  i n t e r a c t i o n  r e g i o n  from t h e  magneto- 

sphere. 

- ~- ~ 

. 
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H i s t o r i c a l  R e v i e w  

The f i r s t  measurements of t h e  o u t e r  r eg ion  of t h e  magnetosphere were made 

* -  i n  1958 on t h e  Pioneer  I space probe by Sonet t  (1960) and co-workers, Sone t t  

et a l . (  1960a, c)  . Measurements of t he  f i e l d  magnitude perpendicular  t o  t h e  

s p i n  axis o f  t h e  s p a c e c r a f t  were performed w i t h  a s e a r c h  c o i l  magnetometer. 

Data t r ansmiss ion  w a s  d i scon t inuous  and covered only t h e  g e o c e n t r i c  d i s t a n c e  

range 3.7-7 R e  and 12.3-14.8 R e  ( e a r t h  r a d i i )  on t h e  sunward s i d e  of t h e  e a r t h  

(see F igure  1). 

geomagnetic f i e l d  was approximately d i p o l a r .  The second t r ansmiss ion  i n d i c a t e d  

an  abrupt  dec rease  of f i e l d  magnitude and a s u b s t a n t i a l  i n c r e a s e  i n  r ap id  

f l u c t u a t i o n s .  The o r i g i n a l  a n a l y s i s  and i n t e r p r e t a t i o n  of t h i s  d a t a  proposed 

an unmeasured b u t  i n f e r r e d  t r a v e r s a l  o f  the boundary of t h e  geomagnetic f i e l d  

near  14 R e  due t o  t h e  f l u x  of t h e  as y e t  undetected s o l a r  wind. 

The d a t a  obtained c l o s e s t  t o  t h e  e a r t h  i n d i c a t e d  t h a t  t h e  

I n  1959 Lunik I and I1 measurements of t h e  geomagnetic f i e l d  c l o s e  t o  

t h e  e a r t h  d e t e c t e d  l a r g e  dep res s ions  o f  t he  main f i e l d  between 2.8-4 R e  

(Dolginov e t  a l . ,  1960; 1961a, b ) .  These r e s u l t s  were i n t e r p r e t e d  t o  be 

i n d i c a t i v e  of t h e  c l a s s i c a l  r i n g  c u r r e n t  a s s o c i a t e d  wi th  magnetic s torm main 

phase d i s t u r b a n c e s .  A t  approximately the same time, d e t a i l e d  mapping of t h e  

geomagnetic f i e l d  between 2-7.5 R e  w a s  performed by t h e  Exp lo re r  6 s a t e l l i t e  

(Smith e t  a l . ,  1960; Sone t t  e t  a l . ,  1960b). 

on ly  t h e  magnitude of t h e  f i e l d  perpendicular  t o  t h e  s p i n  a x i s  of t h e  s a t e l l i t e  

bu t  d i d  inc lude  a phase angle  measurement r e l a t i v e  t o  t h e  s a t e l l i t e - s u n  l i n e .  

The l a r g e  dec rease  i n  magnetic f i e l d  noted a t  l a r g e  d i s t a n c e s  from t h e  e a r t h  

were i n i t i a l l y  i n t e r p r e t e d  t o  r e p r e s e n t  t h e  magnetic e f f e c t s  of a l a r g e  s c a l e  

permanent r i n g  c u r r e n t  a t  a d i s t a n c e  of 10 R e .  

These measurements aga in  y i e lded  

The r e s u l t s  of t h e  Vanguard 111 
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proton  magnetometer t o t a l  f i e l d  measurements i n  1959 (Cain e t  a l . ,  1962) 

were l imi t ed  t o  less than 1.5 R e  and showed t h a t  any permanent r i n g  c u r r e n t  

which e x i s t e d  must be above seve ra l  Rea 

The Pioneer  5 s a t e l l i t e ,  which went i n t o  s o l a r  o r b i t ,  c rossed  t h e  o u t e r  

r eg ion  of  the geomagnetic f i e l d  i n  1960 and provided d i  scontinuo1Js measurements 

between 5-30Re (Coleman e t  a l . ,  1960b, Coleman 1964). Resu l t s  from t h i s  

experiment,  aga in  measuring only  t h e  component of t h e  magnetic f i e l d  per -  

pendicular  t o  t h e  s p i n  axis showed an  approximately d i p o l a r  decrease  of  t h e  

f i e l d  from 5-9 R e .  Discont inuous t r ansmiss ion  aga in  precluded ob ta in ing  d a t a  

du r ing  t h e  t r a v e r s a l  of t h e  geomagnetic f i e l d  boundary. The i n t e r p l a n e t a r y  

magnetic f i e l d  measurements by P ioneer  5, however, con t r ibu ted  impor tan t ly  

t o  subsequent t h e o r e t i c a l  s t u d i e s  of t h e  s o l a r  wind i n t e r a c t i o n  w i t h  the 

geomagnetic f i e l d .  The r e s u l t s  of P ioneer  5 were i n t e r p r e t e d  i n i t i a l l y  t o  

i n d i c a t e  an i n t e r p l a n e t a r y  magnetic f i e l d  mainly perpendicular  t o  t h e  e c l i p t i c  

p lane  (Coleman e t  a l . ,  1960a). I n  s tudying  t h e s e  r e s u l t s ,  Dungey (1961) 

suggested t h a t  t h e r e  would be two c h a r a c t e r i s t i c a l l y  d i f f e r e n t  conf igu ra t ions  

t o  t h e  geomagnetic f i e l d  as a r e s u l t  of t h e  p o s s i b l e  in t e rconnec t ion  of  i n t e r -  

p l a n e t a r y  and geomagnetic f i e l d  l i n e s .  

The f i r s t  observa t ions  of t h e  magnetospheric boundary were performed by 

Explorer  10 i n  March 1961 w i t h  experiments measuring t h e  vec to r  magnetic f i e l d  

and low energy p o s i t i v e l y  charged p o r t i o n  of  t h e  s o l a r  plasma. S ince  t h e  

o r b i t  was or ien ted  away from t h e  sun as shown i n  F igu re  1, the s a t e l l i t e  never 

pene t r a t ed  i n t o  the  i n t e r p l a n e t a r y  medium bu t  a c t u a l l y  p a r a l l e l e d  t h e  magneto- 

sphere  boundary. The e a r l y  p u b l i c a t i o n s  by Bridge e t  a l . ,  (1962),  and Heppner 

e t  a l . ,  (1962) ind ica t ed  t h e  pre l iminary  understanding of the s o l a r  
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wind i n t e r a c t i o n  wi th  t h e  geomagnetic f i e l d .  I t  was a s h o r t  wh i l e  be fo re  t h e  

s e p a r a t e  datt i  were a m l y z e d  i n  a complimentary f a s h i o n  (Heppner e t  a l . ,  1963 

and Bonnet i  e t  a l . ,  1963). These i n t e r p r e t a t i o n s  were based upon t h e  sug- 

g e s t i o n s  by Axford (1960) ,  Kellogg (1962), and Rossi  (1963) t h a t  a detached 

bow shock wave encompassing the  d i s t o r t e d  geomagnetic f i e l d  would develop 

due t o  t h e  supersonic  f l o w  of t h e  s o l a r  wind. The plasma measurements on t h i s  

s a t e l l i t e  were t h e  f i r s t  t o  y i e l d  information on t h e  composition and s p e c t r a l  

c h a r a c t e r i s t i c s  i n  t h e  magnetosheath (Scherb, 1964). Also t h e  measurement 

of a h i g h l y  d i s t o r t e d  geomagnetic f i e l d  due t o  t h e  s o l a r  wind i n t e r a c t i o n  

l e d  t o  a re-examination of t h e  earlier Exp lo re r  6 r i n g  c u r r e n t  r e s u l t s  (Smith,  

1962; Smith e t  a l . ,  1964). These s t u d i e s  showed t h a t  t h e  separate s a t e l l i t e  

r e s u l t s  were c o n s i s t e n t  only i n  t h e  context of an  extended geomagnetic f i e l d  

on t h e  n i g h t  s i d e  of t h e  e a r t h  and not a r i n g  c u r r e n t  as p rev ious ly  supposed. 

The i n t i m a t e  r e l a t i o n s h i p  o f  f i e l d s  and plasma a t  t h e  magnetopause were 

e s t a b l i s h e d  by Explorer  10. I n  an i n t e r v a l  of 48 hour s ,  t h e  magnetosphere 

boundary was observed t o  move back and f o r t h  many t i m e s  a c r o s s  t h e  o r b i t  of 

t h e  s a t e l l i t e .  The magnetospheric f i e l d  was observed t o  be much s t r o n g e r  t h a n  

p r e d i c t e d  by e x t r a p o l a t i o n  of t h e  geomagnetic f i e l d  a t  t h e s e  l a r g e  r a d i a l  

d i s t a n c e s ,  20-40 Re .  I n  a d d i t i o n  p o s i t i v e  c o r r e l a t i o n  between t h e  absence 

of plasma and t h e  presence of a s t rong s t a b l e  magnetic f i e l d  r e p r e s e n t i n g  t h e  

d i s t o r t i o n  of t h e  geomagnetic f i e l d  were c l e a r l y  ev iden t .  

observed,  t h e  magnetic f i e l d  tended to b e  weaker and t o  f l u c t u a t e  much more 

r a p i d l y .  Explorer  10 thus  e s t a b l i s h e d  t h e  presence of t h e  boundary of t h e  geo- 

magnetic f i e l d  as w e l l  as d e t e c t i n g  motion of t h e  boundary. However, t h e  cause 

of t h e  motion is not y e t  understood. 

When plasma was 

Three p o s s i b i l i t i e s  suggest  an  exp lana t ion :  
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1. Waves on t h e  s u r f a c e  of t he  magnetosphere boundary, 

2.  The expansion and c o n t r a c t i o n  of t h e  e n t i r e  magnetosphere i n  response 

t o  vary ing  s o l a r  wind f l u x ,  o r  f i n a l l y ,  

I 3. A change i n  t h e  r e l a t i v e  p o s i t i o n  o r  "aspect"  of t h e  boundary due 

t o  t h e  vary ing  angle  between t h e  e a r t h ' s  magnetic d i p o l e  axis and 

the s o l a r  wind flow v e l o c i t y .  

The f i r s t  measurements of t rapped p a r t i c l e s ,  f i e l d s  and plasmas a t  t h e  
I 

boundary of t h e  geomagnetic f i e l d  were conducted l a t e  i n  1961 by t h e  Explorer  

14 s a t e l l i t e  ( C a h i l l  and Amazeen, 1963; Freeman e t  a l . ,  1963). These d a t a ,  

shown i n  Figure 2 ,  i n d i c a t e  c l e a r l y  a t e rmina t ion  of t h e  r e g u l a r  geomagnetic 

f i e l d  compressed by t h e  solar wind flow a t  a subso la r  d i s t a n c e  of approximately 

8.2 Re. 

g e t i c  p a r t i c l e s  a s  w e l l  a s  t h e  appearance of a low energy plasma presumed t o  

r e p r e s e n t  the thermalized s o l a r  plasma. 

I 

This w a s  co inc iden t  w i th  t h e  t e rmina t ion  of t h e  t r app ing  of t h e  ener -  

These measurements from Exp lo re r s  10 and 12  demonstrated t h a t  t h e r e  was 

a permanent ex i s t ance  of the confined geomagnetic f i e l d .  With t h e  d i r e c t  

measurements of the  boundaries  of t h e  geomagnetic f i e l d  it was a l s o  p o s s i b l e  

t o  p l ace  i n  proper pe r spec t ive  t h e  e a r l i e r  exp lo ra to ry  measurements by t h e  

P ioneers  1 and 5 and Explorer  6 satell i tes.  Contemporary reviews of t h e s e  

early d a t a  have been provided by Obayashi (1964) and C a h i l l  (1964b). 

The d e t a i l e d  e l e c t r o n  measurements performed on t h e  r e l a t i v e l y  long 

l i v e d  Explorer  12 s a t e l l i t e  by Freeman (1964) showed i n  a d d i t i o n  t o  a t e r m i -  

n a t i o n  of t h e  regular geomagnetic f i e l d ,  t h e  apparent  t e rmina t ion  of t h e  quas i -  

thermal ized  plasma ( s e e  F igu re  3). Th i s  w a s  i n t e r p r e t e d  t o  r e f l e c t  t h e  presence 

of  t h e  c o l l i s i o n l e s s  bow shock wave p red ic t ed  i n  t h e  work p rev ious ly  re ferenced .  
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Thus, i t  was p o s s i b l e  wi th  t h e  results from Explorer  10 and 12  publ i shed  

du r ing  1962 and 1963 t o  cons ider  the  geometry of t h e  e a r t h ' s  magnetic f i e l d  

d i s t o r t e d  by t h e  s o l a r  wind as given i n  F igure  4 .  The p o s i t i o n  of t he  geo- 

magnetic c a v i t y  boundary is shown as de tec ted  by t h e  e a r l y  r e s u l t s  from 

Explorer  12. There i s  an i n d i c a t i o n  a l s o  of  t h e  inne r  and o u t e r  r a d i a t i o n  

b e l t s  as they  were then known. Th i s  f i g u r e  should be compared wi th  the  l a s t  

f i g u r e  of t h i s  paper  f o r  an i n d i c a t i o n  of t h e  r ap id  advance i n  our understanding 

of  t h e  geomagnetic f i e l d  geometry i n  the l a s t  t h r e e  years  of space inves t iga -  

t ions .  
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Magnetosphere Boundary and Shock Wave Observat ions Since 1963 

A comprehensive survey of t h e  geomagnetic f i e l d  boundary and t h e  f i r s t  

magnetic measurements of t h e  c o l l i s i o n l e s s  shock wave were performed by t h e  

IMP-I sa te l l i t e  i n  l a t e  1963 (Ness e t  a l . ,  1964, 1965) (see F i g u r e  5 ) .  A 

sample of the r e s u l t s  obtained is shown i n  F igu re  6 from o r b i t  number 1 

corresponding t o  a t r a v e r s a l  of t h e  magnetosphere boundary a t  a l o c a l  t i m e  

of approximately 1000. The magnitude of t h e  f i e l d  i s  observed t o  be l a r g e r  

than t h a t  p red ic t ed  (shown as dashed) as t h e  magnetosphere boundary i s  reached 

a t  11.3 R e .  A f l u c t u a t i n g  and weaker magnetic f i e l d  i s  observed beyond u n t i l  

t he  shock wave is d e t e c t e d  a t  a r a d i a l  d i s t a n c e  of 16.8 R e .  The f i g u r e  in -  

d i c a t e s  c l e a r l y  the  i d e n t i f i a b l e  p o s i t i o n s  of t h e s e  boundaries .  The r e s u l t s  

are presented i n  s o l a r  e c l i p t i c  coord ina te s  i n  which the  l a t i t u d e  (e) and 

long i tude  (0) of t h e  magnetic f i e l d  v e c t o r  are g iven  r e l a t i v e  t o  t h e  e c l i p t i c  

plane and the ea r th - sun  l i n e .  In a d d i t i o n ,  an important f e a t u r e  of t h e s e  

d a t a  i s  t h a t  t h e  r m s  d e v i a t i o n  of t h e  magnetic f i e l d  f l u c t u a t i o n s  over t h e  

t i m e  i n t e r v a l  of  5.46 minutes are included. T h i s  provides  a measure of t h e  

high frequency component of magnetic f i e l d  f l u c t u a t i o n s  and has  proven t o  be 

p a r t i c u l a r l y  d i a g n o s t i c  i n  t h e  i d e n t i f i c a t i o n  of t h e  p o s i t i o n  of t he  c o l l i s i o n -  

less shock wave s i n c e  l a r g e  r ap id  magnetic f l u c t u a t i o n s  are found t o  be char- 

a c t e r i s t i c  of t h e  magnetosheath region.  

Th i s  c h a r a c t e r i s t i c  behavior of t h e  magnetic f i e l d ,  suggested e a r l i e r  

by Exp lo re r s  12 and 14, was repeated over  40 t i m e s  wh i l e  t h e  IMP-I s a t e l l i t e  

apogee precessed from c l o s e  t o  t h e  subso la r r eg ia i i  t o  t h e  midnight meridian 

plane.  In a d d i t i o n  t o  the conspicious f e a t u r e s  observed as i n d i c a t i v e  of t h e  

magnetosphere boundary from t h e  magnetic f i e l d  measurements, t h e  corresponding 

I 
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plasma r e s u l t s  obtained by Bridge e t  a l .  , (1965) and Wolfe e t  a l . ,  (1966a) 

confiriaed t h e  p o s i t i o n a l  i d e n t i f i c a t i o n  of abrupt  changes i n  p r o p e r t i e s  o f  

t h e  p lasma.  The e a r l y  i n t e r p r e t a t i o n  of the work by t h e  MIT group (Bridge 

e t  a l . ,  1965) suggested t h e  presence of an almost i s o t r o p i c  thermalized 

plasma flow behind t h e  shock near t h e  subsolar  po in t  w i t h i n  t h e  magnetosheath. 

The correspondence of t h e  appearance o f  the i s o t r o p i c  thermalized f l u x  was 

ve ry  good cons ide r ing  t h e  s e p a r a t e  i d e n t i f i c a t i o n  made by t h e  independent 

workers. However, t h e  work by Wolfe e t  a l . ,  (1966a) on t h e  same s a t e l l i t e  

i n d i c a t e d  t h a t  while  t h e  plasma was disordered a t  t h e  shock(and whose p o s i -  

t i o n s  were i n  gene ra l  agreement wi th  t h e  magnetic f i e l d  measurements) they d i sag reed  

i n  the  degree of i s o t r o p y  of d i r e c t i o n a l  flow. Most r e c e n t l y  Olbe r t  (1966, 

p r i v a t e  communication) has ind ica t ed  tha t  t h e  presence of a l a r g e  f l u x  of 

low energy e l e c t r o n s  (below 100 ev) were s i g n i f i c a n t  c o n t r i b u t o r s  t o  the  r e s u l t s  

of t he  measurements i n  t h i s  r eg ion  of space and a complete re-examination of 

t h e s e  d a t a  i s  c u r r e n t l y  underway. The important po in t  he re  i s  t h a t  t he  presence 

of a t u r b u l e n t  

responds uniquely w e l l  w i th  t h e  magnetic f i e l d  d a t a  which d e t e c t e d  a r a p i d l y  

f l u c t u a t i n g  magnetic f i e l d  s t r o n g e r  than t h e  i n t e r p l a n e t a r y  f i e l d .  

p lasma as r e f l e c t e d  i n  the spectrum i n  t h e  magnetosheath cor-  

Also on board the  IMP-I s a t e l l i t e  were e n e r g e t i c  p a r t i c l e  d e t e c t o r s  

s e n s i t i v e  t o  more e n e r g e t i c  p a r t i c l e s  c h a r a c t e r i s t i c  of t h e  r a d i a t i o n  b e l t s .  

The r e s u l t  of Anderson e t  a l . ,  (1965) is r ep resen ted  i n  F igu re  7 showing 

t h e  c h a r a c t e r i s t i c s  of t h e  pa r t i c l e  f l u x  observed on a t r a v e r s a l  of t h e  mag- 

netosphere by the IMP-I sa t e l l i t e .  

boundary and shock as determined by t h e  magnetic f i e l d  measurements is  shown 

for  r e fe rence .  

g r e a t e r  t h a n  45 kev is  a c h a r a c t e r i s t i c  f e a t u r e  of t h e s e  r e s u l t s .  

. -  The r e l a t i v e  p o s i t i o n  of t h e  magnetosphere 

The presence of i n t e n s e  t r a n s i e n t  f luxes of electrons with energy 

Anderson 
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e t  a l . ,  (1965) has r e f e r r e d  t o  t h e s e  p a r t i c l e  even t s  as e l e c t r o n  s p i k e s  and 

have attempted t o  u t i l i z e  them i n  d e f i n i n g  t h e  e x t e n t  of t h e  magnetosheath 

and shock wave. Fan et a l . ,  (1964) i n i t i a l l y  attempted t o  i n t e r p r e t  t h e  

p o s i t i o n  of t h e  s p i k e s  as occuring simultaneous w i t h  t h e  shock wave. 

now known (Fan e t  a l . ,  1966) t h a t  t h i s  i s  not  t r u e  i n  g e n e r a l  and t h a t  t h e  

e l e c t r o n  events occur c l o s e  t o  t h e  shock but  a l s o  w i t h i n  t h e  magnetosheath 

as w e l l  as beyond t h e  shock wave. J o k i p i i  and Davis (1964) have attempted 

t o  i n t e r p r e t  t h e s e  s p i k e s  i n  terms of a p a r t i c l e  a c c e l e r a t i o n  mechanism 

a c t i n g  a t  and near t h e  shock wave. J o k i p i i  (1966) has s t u d i e d  t h e  propagat ion 

of t h e s e  pulses and t h e i r  s p e c t r a l  changes i n  t h e  magnetosheath as t h e  plasma 

flows around t h e  geomagnetic f i e l d .  

It  is  

A summary of t h e  p o s i t i o n s  of t h e  boundaries as determined by t h e  IMP-I 

sa te l l i t e  has been compared w i t h  t h e  t h e o r e t i c a l  s t u d i e s  by S p r e i t e r  and Jones  

(1963) i n  Figure 8. 

f i e l d  were determined on t h e  b a s i s  of specu la r  r e f l e c t i o n  of a p l a s m a  from t h e  

geomagnetic f i e l d  i n  t h e  s o l u t i o n  of a boundary va lue  problem i n  which t h e  

boundary cond i t ions  are known but  t h e  p o s i t i o n  of t h e  boundary i s  unknown. 

U t i l i z a t i o n  of  c l a s s i c a l  high-speed aerodynamics p r e d i c t s  t h e  shape of t h e  

shock wave as shown. 

The t h e o r e t i c a l  p o s i t i o n  of t h e  boundaries  of t h e  magnetic 

There i s  a t  p re sen t  disagreement as t o  whether o r  not a c l a s s i c a l  shock 

wave w i l l  develop s t and ing  o f f  from t h e  magnetosphere. De ta i l ed  s t u d i e s  of 

t h e  mechanisms leading t o  t h e  development of a c o l l i s i o n l e s s  shock wave w i t h  

s p e c i f i c  a p p l i c a t i o n  t o  t h e  s o l a r  wind i n t e r a c t i o n  wi th  t h e  geomagnetic f i e l d  

are being conducted by a number of workers (Corday, 1965; Nordl inger ,  1964). 

Although t h e  de ta i l s  a r e  not t h e o r e t i c a l l y  w e l l  understood, t h e  o b s e r v a t i o n a l  

evidence appears t o  i n d i c a t e  t h e  presence of a shock-l ike phenomena. However, 
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B e r n s t e i n  e t  a l .  (1964),  F rede r i cks  e t  a l .  (19651, and Scarf  e t  a1 (1965) 

contend t h a t  only a broad d i so rde red  r eg ion  is  p r e s e n t .  These au tho r s  i n t e r -  

p r e t  t h e  ezt i re  xagnetosheath as a t r a n s i t i o n  between i n t e r p l a n e t a r y  space 

and t h e  magnetosphere. As w i l l  be evident  i n  t h e  subsequent d a t a  p r e s e n t a t i o n ,  

. .. more r e c e n t  s a t e l l i t e  measurements s t i l l  confirm t h e  concept of a shock wave 

s t and ing  o f f  from t h e  magnetosphere. 

Subsequent measurements on t h e  IMP-11 sa te l l i t e  have been analyzed w i t h  

t h e  added i n s i g h t  from t h e  p rev ious ly  obtained IMP-I measurements. C h a r a c t e r i s t i c  

r e s u l t s  ob ta ined  by IMP-I1 f o r  two o r b i t s  i n  l a t e  1964 are shown i n  F i g u r e  9 .  

C l e a r l y  ev iden t  is t h e  d e t e c t i o n  of t h e  magnetosheath and shock wave as w e l l  

as m u l t i p l e  shock wave c r o s s i n g s  on o r b i t  22.  The p o s i t i o n s  of t h e  shock 

wave and its c h a r a c t e r i s t i c s  are i n  g e n e r a l l y  good agreement wi th  those  ob ta ined  

w i t h  IMP-I. I n  a d d i t i o n  t o  t h e  magnetic f i e l d  d a t a  t h e r e  i s  included a measure 

of e l e c t r o n  f l u x  by Serbu and Maier (1966) providing an estimate of t he  i s o -  

t r o p i c  f l u x  of e l e c t r o n s  w i t h  energy g r e a t e r  t h a n  approximately 5 e l e c t r o n  

v o l t s .  It i s  seen  t h a t  t h e  r e t a r d i n g  p o t e n t i a l  ana lyze r  i n d i c a t e s  t h e  Presence 

of a l a r g e  e l e c t r o n  f l u x  g e n e r a l l y  co inc iden t  w i th  t h e  magnetosheath. Note 

t h a t  when a m u l t i p l e  c r o s s i n g  of t h e  shock wave boundary is  observed h i d e n t  

i n  t h e  lower h a l f  of t h e  f i g u r e  a t  SW 2 and P t h e  magnetosheath plasma a l s o  is  

observed t o  be p re sen t  again.  It should be noted,  however, t h a t  a t  t i m e s ,  

t h e  n a t u r e  of t h e  boundary between t h e  magnetosheath and t h e  magnetosphere 

is  r a t h e r  d i f f u s e  and t h e  s t ruebure  of t h e  magnetosheath does n o t  appear 

w e l l  developed,as  evidenced by t h e  e l e c t r o n  f l u x  measurements. A sample of 

t h i s  i s  shown i n  o r b i t  8 on t h e  out-bound pass .  Although the shock i s  w e l l  

developed t h e  magnetosphere boundary i n  t h i s  p a r t i c u l a r  o r b i t  i s  not  c l e a r l y  

i d e n t i f i e d  ( F a i r f i e l d  e t  a l . ,  1966). 
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On t h e  same s a t e l l i t e  measurements of t he  plasma spectrum by Wolfe e t  a l . ,  

(1966b) have been compared w i t h  those  obtained on OGO-I and Vela-2. These 

r e s u l t s  are presented i n  F igu re  10 showing the  broad s p e c t r a l  d i s t r i b u t i o n  

of t h e  low energy plasma forming t h e  tu rbu len t  s o l a r  wind i n  t h e  magneto- 

shea th .  The r e l a t i v e  shape of t h e  s p e c t r a  are q u i t e  s imilar  sugges t ing  l i t t l e  

change of the  c h a r a c t e r i s t i c s  of t he  p lasma spectrum as it flows around t h e  

magneto sphere.  

Measurements of t h e  magnetic f i e l d  near  t h e  shock wave boundary performed 

on t h e  OGO-I s a t e l l i t e  by both f l u x g a t e  and sea rch  c o i l  magnetometers i s  

presented  i n  F igures  11 and 12. Although t h e  OGO-I s a t e l l i t e  was o r i g i n a l l y  

planned t o  be a t t i t u d e  s t a b i l i z e d  a malfunct ion of t h e  a spec t  system led  t o  

a s p i n - s t a b i l i z e d  s p a c e c r a f t .  Thus, r e s u l t s  obtained from d i r e c t i o n a l  d e t e c t o r s  

r e f l e c t  t h e  s p i n  modulation of approximately 12 seconds per iod .  Measurements 

of  t he  magnetic f i e l d  w i t h  a t r i a x i a l  f l u x g a t e  magnetometer were obta ined  by 

Heppner (1965) and w i t h  t h e  h igh  d a t a  r a t e s  revea led  d e t a i l e d  f e a t u r e s  of t h e  

shock wave previous ly  undetected by earlier experiments.  

and t h e  d e t e c t i o n  of  quas i - s inuso ida l  wave forms a d  f l u c t u a t i o n s  a t  h igh  

frequency are shown i n  F igure  11. It is  important t o  note  t h a t  t h e  l a r g e  scale 

12-second per iod f l u c t u a t i o n s  r ep resen t  t h e  s p i n  modulation due t o  t h e  r o t a t i n g  

s p a c e c r a f t .  Note t h e  occurrence of s m a l l  amplitude f l u c t u a t i o n s  of approxi-  

mately a few gammas n e a r  t h e  shock wave boundary. Note a l s o  t h e  i n c r e a s e  

i n  magnetic f i e l d  as r e f l e c t e d  i n  t h e  peak-to-peak amplitude of t h e  s p i n  

modulation. 

A sample  of t h e  d a t a  

Accompanying these  d a t a  is t h e  work of  Holzer e t  a l . ,  (1966) r e p o r t i n g  

r e s u l t s  measuring h igher  frequency f l u c t u a t i o n s  of t h e  magnetic f i e l d  wi th  a 
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t r i a x i a l  s e a r c h  c o i l  magnetometer on the same OGO-I s a t e l l i t e .  De ta i l ed  

measurements of t h e  f i e l d  f l u c t u a t i o n s  near t h e  shock wave are shown i n  

F igu re  12. The lowest t h r e e  channels  are t h e  wave form ou tpu t s  of t h e  t h r e e  

mutual ly  or thogonal  sensors .  

a band pass f i l t e r  centered  a t  10 cps. The s p i n  a x i s  channel is a l i n e a r  

combination of t h e  X, Y, and Z channels  which r e p r e s e n t s  t h e  mathematical  

c o n s t r u c t i o n  of t h e  expected output  of  a senso r  paral le l  t o  t h e  spin axis. 

Two boundary c ros s ings  are observed as the s a t e l l i t e  is out-bound from t h e  

e a r t h  i n d i c a t i n g  t h a t  t h e  shock wave has moved p a s t  t h e  slowly moving 

(- 1 k.m/sec) s a t e l l i t e .  

of motion of t h e  shock wave from a s i n g l e  s a t e l l i t e  measurement of m u l t i p l e  

boundary c ros s ings .  I n  so= i n s t a n c e s ,  t h e  sea rch  c o i l  experiment has  shown 

t h e  presence  of 37 t r a v e r s a l s  of t h e  shock wave i n  18 hours  on a s i n g l e  pass 

through t h e  magnetosheath reg ion .  Again as d e t e c t e d  on t h e  Explorer  12  and 

IMP-I s a t e l l i t e s ,  high frequency n o i s e  i s  p r e s e n t  i n  t h e  magnetic f i e l d  i n  

t h e  magnetosheath which decreases  ab rup t ly  a t  what is i n t e r p r e t e d  t o  r e p r e s e n t  

t h e  shock wave. The p o s i t i o n s  of t h e  shock wave and magnetosphere boundary as 

determined from t h e s e  two experiments is g e n e r a l l y  in good agreement w i t h  

those  obta ined  previous ly .  

- .  
The Z (10) channel  is t h e  d e t e c t e d  output  of 

It is not  uniquely p o s s i b l e  t o  determine t h e  v e l o c i t y  

The r ecen t  r e s u l t s  ob ta ined  from the P ioneer  6 sa te l l i t e  near  t h e  sunse t  

t e rmina to r  are shown i n  F igu re  13. 

wave a r e  shown i n d i c a t i n g  aga in  t h e  ex i s t ance  of r e l a t i v e l y  weak bu t  r a p i d l y  

f l u c t u a t i n g  magnetic f i e l d s  i n  t h e  magnetosheath a b r u p t l y  te rmina ted  a t  t h e  

shock wave but  not q u i t e  so  a b r u p t l y  at t h e  magnetopause. 

s i n g l e  obse rva t ion  of t h e  boundary has  been made. 

T rave r sa l  of bo th  t h e  magnetopause and shock 

I n  t h i s  ca se  a 

Note t h e  presence  of long 
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period (approximately f i v e  minutes) f l u c t u a t i o n s  of t h e  magnetic f i e l d  i n t e r i o r  

t o  the  magnetosphere boundary. De ta i l ed  a n a l y s i s  r e v e a l s  t h e  presence of MHD , 

waves w i t h i n  t h e  magnetosphere. S imi l a r  low frequency waves have a l s o  been 

observed on the Mariner I V  sa te l l i t e  ( S i s c o e  e t  a l . ,  1966) which t r a v e r s e d  

t h e  magnetopause near  t h e  s u n r i s e  t e rmina to r  (see F igure  5).  

I 

The most comprehensive survey of t h e  p o s i t i o n s  of t h e  magnetopause and 

shock wave with one s a t e l l i t e  have been performed w i t h  IMP-3. 

ments,  obtained i n  1965, a r e  presented i n  F i g u r e  14 i n  t h e  same coord ina te  

system used previously t o  analyze t h e  I M Y - 1  boundary p o s i t i o n s .  The r e s u l t s  

obtained on t h e  dawn s i d e  of t h e  e a r t h  from IMP-1 and IMP-3 are i n  g e n e r a l  

agreement w i t h  each o t h e r  and w i t h  previous measurements performed by Exp lo re r s  

12 and 14 i n  t h i s  r e g i o n  of space.  T h e  important f e a t u r e  of t h e s e  IMP-3 

measurements is t h e  ex tens ion  of t h e  boundary p o s i t i o n s  Corresponding t o  t h e  

dusk s i d e  of t he  e a r t h .  Note t h a t  t h e  p o s i t i o n s  are not  symmetrically loca t ed  

about t h e  ear th-sun l i n e  but r a t h e r  t h a t  t hey  r e f l e c t  t h e  a n t i c i p a t e d  a b e r r a t i o n  

e f f e c t  of t h e  e a r t h ' s  motion through t h e  i n t e r p l a n e t a r y  medium. 

These measure- 

I n  t h e  i n t e r p r e t a t i o n  of boundary p o s i t i o n s  it  i s  important t o  t ake  i n t o  

account t h e  varying angle  of a t t a c k  which t h e  geomagnetic d i p o l e  p r e s e n t s  t o  

t h e  s o l a r  plasma flow. This  l eads  t o  an  expansion and change i n  s i z e  of 

t h e  magnetosphere and t h e  corresponding p o s i t i o n  of t h e  shock and magnetosphere 

as t h e  geomagnetic l a t i t u d e  of t h e  s o l a r  p o i n t  changes p e r i o d i c a l l y .  I n  con- 

c lud ing  t h i s  s e c t i o n ,  s a t e l l i t e  experiments have e s t a b l i s h e d  t h e  e x i s t e n c e  

of t he  magnetosphere boundary as a d e f i n i t i v e  s e p a r a t i o n  of s t r o n g  and s t a b l e  

magnetic f i e l d s  of geomagnetic 

f l u c t u a t i n g  weaker magnetic f i e l d s  of i n t e r p l a n e t a r y  o r i g i n  i n  t h e  magnetosheath, 

o r i g i n  w i t h i n  t h e  magnetosphere and r a p i d l y  
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The magnetosheath c o n t a i n s  a thermalized s o l a r  plasma of low energy which 

develops a t  what many i n v e s t i g a t o r s  cons ider  t o  be a c o l l i s i o n l e s s  MHD shock 

wave. The d e t a i l e d  a s p e c t s  of t h e  magnetic f i e l d  r e v e a l  wave-l ike f l u c t u a -  

t i o n s  a t  t h e  shock as w e l l  as wi th in  t h e  magnetosphere. S ince  c e r t a i n  of 

t h e  d a t a  conta ined  i n  t h i s  review aEe t h e  r e s u l t s  of p re l imina ry  i n v e s t i g a -  

t i o n s  i t  can  be a n t i c i p a t e d  t h a t  s u b s t a n t i a l  improvement i n  t h e  understanding 

of t h e  f i e l d  and plasma r e s u l t s  w i l l  be obta ined  when complete a n a l y s i s  of 

t h e  OW-1 and IMP-2 d a t a  are  completed and publ i shed .  Motion of t h e  boundaries  

h a s  been d e t e c t e d  on many sa t e l l i t e s  even i n  t h e  absence of any s o l a r  a c t i v i t y .  

The magnetosphere boundary on t h e  s u n l i t  s i d e  appears  t o  be roughly 

s p h e r i c a l  i n  shape wi th  a r a d i u s  of  cu rva tu re  of  14 R e  cen te red  3.5 R e  

behind t h e  e a r t h  a long  t h e  ear th-sun  l i n e  (Ness, 1965). The shock wave i s  

observed t o  be  roughly p a r a b o l i c  wi th  a n  i n t e r c e p t  of t h e  ear th-sun  l i n e  a t  

14 R e .  

much as 20% from t h e s e  nominal quoted values .  

Both boundaries  are f r e q u e n t l y  i n  motion and have been de tec t ed  as 
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Geomagnetic T a i l  and Neutral  Sheet 

The measurements of t h e  e a r t h ' s  magnetic f i e l d  a t  g r e a t  d i s t a n c e s  were 

begun by Explorer 10 i n  1961. These r e s u l t s  i n d i c a t e d  t h e  d i s t o r t i o n  of 

t h e  geomagnetic f i e l d  on t h e  n igh t  s i d e  of t h e  e a r t h  i n  which l i n e s  of f o r c e  

were observed t o  t r a i l  out f a r  behind t h e  e a r t h  and p o i n t i n g  roughly away 

from i t .  Subsequently i n  1962 Explorer 14 ( C a h i l l ,  1964a; 1966) r evea led  

near  midnight l o c a l  t i m e ,  a d i s t o r t i o n  of t h e  t e r r e s t i a l  f i e l d  so  a s  t o  

approach predominately an  a n t i - s o l a r  d i r e c t i o n  out t o  d i s t a n c e s  of 16 Re. 

The cha rac t e r  of t h e  magnetic f i e l d  on t h e  n igh t  s i d e  of t h e  e a r t h  p rev ious ly  

i l l u s t r a t e d  i n  F igu re  4 w a s  modified and t h e o r e t i c a l  sugges t ions  made by 

Dessler  and Axford et a l .  as shown i n  F i g u r e  15. Such a t a i l - l i k e  appendage 

t o  t h e  geomagnetic f i e l d  w a s  a l s o  suggested i n  t h e  work of Piddington (1960) 

on t h e  b a s i s  of a model f o r  magnetic storms. 

De ta i l ed  measurements mapping t h e  e a r t h ' s  magnetic t a i l  and d i scove ry  

of t h e  imbedded n e u t r a l  shee t  were performed i n  1965 by t h e  IMP-1 sa te l l i t e  

(Ness, 1965). These d a t a  showed t h a t  t h e  geomagnetic f i e l d  extends o u t  f a r  

behind t h e  e a r t h  a t  least  h a l f  way t o  t h e  moon. The work of Axford e t  a l . ,  

(19651, 'Dessler ( 1964) and Dessler and Juday (19651, p r e s e n t  d i s c u s s i o n s  of 

t h e  conf igu ra t ion  t o  be expected as t h e  s o l a r  wind extends t h e  geomagnetic 

f i e l d  from the  p o l a r  cap r e g i o n s  behind i t  t o  form t h e  comet- l ike magnetic 

t a i l .  Fluxgate magnetometer d a t a  from o r b i t  number 41 of t h e  IMP-1 sa t e l l i t e  

are presented i n  F igu re  16 f o r  t h a t  o r b i t  c l o s e s t  t o  t h e  midnight meridian 

plane.  

and demonstrate t h e  remarkable f e a t u r e  t h a t  t-. . magnetic f i e l d  i s  o r i e n t e d  

p a r a l l e l  t o  t h e  ear th-sun l i n e  ( 0  = 00 ,  0 = O o ,  180°) with sense e i t h e r  

towards ( 0  = 00) o r  away ( 0  = 180O) from t h e  sun depending upon whether o r  

The r e s u l t s  are  p resen ted  i n  t h e  s o l a r  e c l i p t i c  c o o r d i n a t e  system 
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no t  t h e  sa te l l i t e  i s  above o r  below a magnet ica l ly  n e u t r a l  s u r f a c e  i d e n t i f i e d  

as a n e u t r a l  shee t ,  

The work of  Axford e t  a l e  (1965) (see F igure  15) po in t ed  o u t  t h e  e x i s t e n c e  

of enhanced plasma f l u x e s  i n  t h e  n e u t r a l  shee t  region.  T h i s  w a s  suggested 

by t h e  Explorer  14 r e s u l t s  i n  1962 (Frank, 1965; Frank and Van Al len ,  1964) 

i n  which an  e n e r g e t i c  p a r t i c l e  t a i l  t o  t h e  r a d i a t i o n  b e l t s  w a s  i n t e r p r e t e d  

t o  e x i s t  on t h e  n i g h t  s i d e  of t h e  ear th .  More r e c e n t l y  measurements on t h e  

Vela satel l i tes  by Bame e t  al. (1966) have d i scussed  t h e  e x i s t e n c e  of a plasma 

shee t  which i s  g e n e r a l l y  assumed t o  be  co inc iden t  wi th  t h e  magnetic n e u t r a l  

shee t  a l though s imultaneous magnetic f i e l d  measurements are no t  a v a i l a b l e .  

The magnetic n e u t r a l  shee t  i s  observed t o  be an extremely t h i n  f e a t u r e ,  

on t h e  scale of a f r a c t i o n  of  an e a r t h  rad ius .  However, i t  i s  imposs ib le  

on any one  sa te l l i t e  t r a v e r s a l  t o  determine uniquely  t h e  t h i c k n e s s  without  

a p r i o r i  assumptions as to  t h e  inva r i ance  o f  t h e  p o s i t i o n ,  o r i e n t a t i o n  and 

t h i c k n e s s  o f  t h e  shee t  dur ing  a s i n g l e  sa te l l i t e  traversal. It a l s o  depends 

upon t h e  model of  t h e  f i e l d  reversal which i s  employed as t o  what t h e  effective 

" th ickness"  of t h e  shee t  may be. 

p a r t i c u l a r  sa te l l i t e  may l i m i t  t h e  apparent  t h i c k n e s s  of  t h e  shee t  as d e t e r -  

mined from t h e  experiments.  

s e v e r a l  e a r t h  r a d i i  t h i c k  i n  t h e  work of t h e  Los Alamos Group. 

Indeed t h e  l i m i t e d  s p a t i a l  coverage by a 

The plasma shee t  however i s  e s t ima ted  t o  b e  

The p resence  of a f i e l d  r e v e r s a l  imp l i e s  t h e  e x i s t e n c e  o f  a plasma 

shee t  and an equ ive len t  e lectr ical  c u r r e n t  a s s o c i a t e d  wi th  t h e  g r a d i e n t  of  

t h e  f i e l d .  Recent work by Spe i se r  and Ness (1966) h a s  s tud ied  i n  d e t a i l  

t h e  n e u t r a l  shee t  c r o s s i n g s  observed with t h e  IMP-1 sa te l l i t e  and a n a l y s i s  

of t h e  obse rva t ions  h a s  y i e lded  t h e  equiva len t  c u r r e n t  necessa ry  t o  form a 
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p h y s i c a l l y  c o n s i s t a n t  phys i ca l  model of t h e  f i e l d  r e v e r s a l .  

c u r r e n t s  are der ived  from t h e  c u r l  of  t h e  magnetic f i e l d  wi th  c e r t a i n  l i m i t i n g  

assumptions about t h e  shee t  geometry. 

t h e  n e u t r a l  shee t  i n  t h e  e a r t h ' s  magnetic t a i l  are shown i n  F i g u r e  17. 

i s  important  t o  n o t e  t h e  m u l t i p l e  c r o s s i n g s  wi th in  a f e w  R e  which have been observed 

on s e v e r a l  o r b i t s  and i n  a d d i t i o n  m u l t i p l e  c r o s s i n g s  on some o r b i t s  ( i . e .  4 5 )  

which occurred  24 hours  la ter .  T h i s  i s  i n t e r p r e t e d  i n  terms o f  t h e  d i u r n a l  

motion of t h e  e a r t h ' s  magnetic d i p o l e  axis and t h e  accompanying o s c i l l a t i o n  

of  t h e  n e u t r a l  sheet .  

These equ ive len t  

A summary of t h e s e  c u r r e n t s  forming 

It 

Simultaneous measurements of  t h e  f l u x  of  e n e r g e t i c  e l e c t r o n s  and t h e  

magnetic f i e l d  on IMP-1 are shown f o r  o r b i t  number 45 i n  F igu re  18. Beyond 

t h e  r a d i a t i o n  t rapping  r eg ion ,  l a r g e  t r a n s i e n t  f l u x e s  o f  e l e c t r o n s  g r e a t e r  

than  45 kev energy are a s s o c i a t e d  wi th  a l a r g e  scale depress ion  of t h e  mag- 

n e t i c  f i e l d .  Anderson and Ness (1966) r e f e r  t o  t h i s  r eg ion  as t h e  p a r t i c l e  

cusp. Deeper i n t o  t h e  magnetic t a i l  and n e a r  t h e  n e u t r a l  shee t  l a r g e r  

f l u x e s  of e l e c t r o n s  are observed. 

occur rence  o f  t h e s e  p u l s e s  and concluded t h a t  t hey  dec rease  i n  f requency 

wi th  i n c r e a s i n g  d i s t a n c e  down t h e  t a i l  axis. 

o f  e l e c t r o n  f l u x e s  >160 kev on IMP-1 h a s  no t  been a b l e  t o  conf i rm t h i s  r a d i a l  

dependency. 

c o r r e l a t e d  wi th  t h e  motion t r a n s v e r s e  t o  t h e  n e u t r a l  shee t  t h a t  Anderson's 

i n t e r p r e t a t i o n  i s  spurious.  I n  f a c t ,  h e  f i n d s  t h a t  t h e  i s l a n d s  tend  t o  occur  

more f r e q u e n t l y  closer to  t h e  n e u t r a l  sheet .  

Anderson ( 1965) analyzed t h e  s p a t i a l  

Murayama (1966) i n  an a n a l y s i s  

H e  concludes t h a t  t h e  sa te l l i t e  motion r a d i a l l y  i s  so h i g h l y  

From t h e  IMP-1 measurements i t  i s  found t h a t  t h e  n e u t r a l  shee t  i s  f re-  

quen t ly  i n  motion and a l s o  t h a t  t h e  f i e l d  l i n e s  have a s m a l l  component a c r o s s  

them connect ing  t h e  l i n e s  on o p p o s i t e  s i d e s  of t h e  n e u t r a l  shee t .  T h i s  connect ion 
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or  merging of f i e l d  l i n e s  i n d i c a t e s  experimental  suppor t  fo r  t h e  model of 

t h e  n e u t r a l  shee t  proposed by Axford et a l ,  as opposed t o  t h a t  suggested by 

Dessler. With one s a t e l l i t e  i t  i s  d i f f i c u l t  t o  de te rmine  a p r e f e r r e d  p l a n e  

o f  o r i e n t a t i o n  f o r  t h e  n e u t r a l  sheet .  Ness (1965) suggested t h a t  t h e  solar 

magnetospheric e q u a t o r i a l  p l a n e  i s  a p r e f e r r e d  o r i e n t a t i o n  f o r  t h e  n e u t r a l  

shee t .  I n  t h i s  c o o r d i n a t e  system, t h e  e q u a t o r i a l  p l a n e  i s  de f ined  by t h e  

ear th-sun  l i n e  and a u n i t  v e c t o r  pe rpend icu la r  t o  t h e  geomagnetic axis and 

t h e  ear th-sun  l i n e .  Th i s  p l ane  wobbles wi th  a d a i l y  n u t a t i o n  o f  p l u s  and 

minus 12O superimposed on an annual precess ion  of 23.4O a s s o c i a t e d  wi th  t h e  

e a r t h ' s  o r b i t a l  motion hence an annual  v a r i a t i o n  i n  i n c l i n a t i o n  of t h e  n e u t r a l  

shee t  o f  - + 35'. 

c r o s s i n g  o f  t h e  n e u t r a l  shee t  t o  be observed sepa ra t ed  by 24 hours.  

As shown on o r b i t  45 in  F i g u r e  18 i t  i s  p o s s i b l e  f o r  a m u l t i p l e  

For  l a r g e  v a l u e s  o f  t h e  geomagnetic l a t i t u d e  of t h e  sub - so la r  p o i n t ,  x S s ,  
S p e i s e r  and Ness (1966) have suggested a t a i l  f i e l d  geometry which i n c l u d e s  

t h e  connec t ion  of  t h e  f i e l d  l i n e s  ac ross  a t h i n  but  w e l l  developed n e u t r a l  

shee t .  Vector measurements ob ta ined  with IMP-1 have been superimposed when 

t h e  sa te l l i t e  w a s  w i th in  1 Re of  t h e  noon-midnight meridian p l a n e  t o  gu ide  

t h e  i n t e r p r e t a t i o n  of  f i e l d  l i n e  o r i e n t a t i o n  and spacing. T h i s  f i g u r e  i l l u s -  

trates t h a t  t h e  n e u t r a l  shee t  w i l l  be located above the  solar magnetosphere 

e q u a t o r i a l  p l a n e  i n  t h e  summer(and below i t  i n  t h e  winter).  

I n  t h e  d i s c u s s i o n  of  t h e  e a r t h ' s  magnetic t a i l  i t  i s  also p e r t i n e n t  t o  

mention t h e  o f t  sought but  seldom uniquely measured r i n g  c u r r e n t .  Ea r ly  

measurements by satel l i tes  i n d i c a t e d  the  p o s s i b i l i t y  o f  a r i n g  c u r r e n t  and 

even as r e c e n t l y  as 1964, t h e  Elec t ron  2 measurements have  been i n t e r p r e t e d  

i n  terms of such a phenomena (Dolginov e t  al.,  1965). However, wi th  o u r  p r e s e n t  

view o f  t h e  n e u t r a l  shee t  and p a r t i c u l a r l y  t h e  p a r t i c l e  cusp reg ion  i t  now 
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appears  t h a t  t h e  depress ion  a s s o c i a t e d  wi th  a " r ing  c u r r e n t "  a c t u a l l y  occurs 

f o r  o n l y  a l imi t ed  longi tude  of  t h e  e a r t h  between 1800-2400-0600 local t i m e .  

I n  a sketch by Anderson (1966) ( F i g u r e  20) h e  h a s  i n d i c a t e d  t h e  re la t ive 

geometry o r  topology of  t h e  d i s t o r t e d  geomagnetic f i e l d  and t h e  development 

o f  r e g i o n s  f o r  p a r t i c l e  t r app ing  and t h e  p a r t i c l e  cusp reg ion .  

an  i n d i c a t i o n  of  t h e  connect ion o f  f i e l d  l i n e s  a c r o s s  t h e  n e u t r a l  shee t  a t  

d i s t a n c e s  g r e a t e r  than  about  15 R e  as i n d i c a t e d  i n  F igu re  19. 

i n  t h e  diagram, l i n e s  of  force on t h e  sun lit s i d e  of  t h e  e a r t h  n e a r  t h e  sub- 

solar p o i n t  on t h e  magnetosphere boundary do no t  support  "permanent" t r a p p i n g  

of p a r t i c l e s ,  

Omitted i s  

Note also t h a t  

P a r t i c l e  measurements i n  t h e  r a d i a t i o n  b e l t s  have n o t  y e t  r evea led  a su f -  

f i c i e n t  i n t e n s i t y  t o  g e n e r a t e  t h e  necessary  magnetic f i e l d  a s s o c i a t e d  wi th  

storm t i m e  r i n g  cu r ren t s .  The r e s u l t s  by Hoffman and Bracken (1965) sugges t  

t h a t  t h u s  f a r  t h e  p a r t i c l e s  forming a s i g n i f i c a n t  r i n g  c u r r e n t  have y e t  t o  

be d i r e c t l y  de tec ted .  

and t h e  plasma shee t  c e r t a i n l y  r e p r e s e n t  a p p r e c i a b l e  f l u x e s  whose equ ive len t  

c u r r e n t s  genera te  s t rong  p e r t u r b i n g  magnetic f i e l d s  h i g h l y  d i s t o r t i n g  t h e  

geomagnetic f i e l d .  

magnetic ta i l  i s  p r e s e n t l y  under i n v e s t i g a t i o n .  

exists d i r e c t  connec t ion  of i n t e r p l a n e t a r y  f i e l d  l i n e s  t o  t h e  geomagnetic 

f i e l d  as o r i g i n a l l y  emphasized by h n g e y  (1961).  

t h a t  a t y p e  of v i scous  i n t e r a c t i o n  between t h e  plasma i n  t h e  magnetosheath 

and t h e  geomagnetic f i e l d  d rags  l i n e s  of f o r c e  back t o  form t h e  t a i l  (Axford, 

19641, Unfor tuna te ly ,  t h e  few measurements which are s u f f i c i e n t l y  d e f i n i t i v e  

to  e s t a b l i s h  t h e  p o s i t i o n  o f  t h e  magnetosphere boundary do n o t  de te rmine  

However, t h e  p a r t i c l e s  a s s o c i a t e d  wi th  t h e  cusp reg ion  

The mechanism l ead ing  t o  t h e  development o f  t h e  e a r t h ' s  

It i s  p o s s i b l e  t h a t  t h e r e  

It has also been suggested 
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l o c a l l y  t h e  s u r f a c e  normal so t h a t  a measure of t h e  f i e l d  component normal 

t o  t h e  su r face  cannot  be d i r e c t l y  nade. 
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Summary and Prognos is  

S a t e l l i t e  measurements of t h e  o u t e r  geomagnetic f i e l d  have r evea led  t h e  

d i s t o r t i o n  and containment of t h e  geomagnetic f i e l d  and formation of an ex- 

t e r n a l  magnetic t a i l  as a r e s u l t  of t h e  flux of t h e  solar wind. I n  a d d i t i o n  

t h e r e  appears  t o  be a permanent detached bow shock wave a s s o c i a t e d  wi th  t h e  

super-Alfvgnic i n t e r a c t i o n  of t h e  solar plasma wi th  t h e  geomagnetic f i e l d .  

Both t h e  shock wave and magnetopause are f r e q u e n t l y  i n  motion. 

shea th  i s  a reg ion  i n  which thermalized s o l a r  plasma and t r a n s i e n t  i n t e n s e  

f l u x e s  of e l e c t r o n s  are observed. It i s  supposed t h a t  t h e r e  i s  an act ive 

mechanism l e a d i n g  t o  t h e  development of t h e  a c c e l e r a t i o n  of t h e s e  p a r t i c l e s  

a t  o r  n e a r  t h e  shock sur face .  Details of t h e  e a r t h ' s  n e u t r a l  s h e e t  i n d i c a t e  

f r e q u e n t  f l u c t u a t i o n  of i t s  p o s i t i o n  i n  t h e  magnetic t a i l  i n  t h e  absence of 

any s i g n i f i c a n t  magnetic o r  solar a c t i v i t y .  There remain,  however, c e r t a i n  

major problems i n  e s t a b l i s h i n g  d e f i n i t i v e  q u a n t i t a t i v e  models of t h e  phys ica l  

phenomena which have been observed. It can be a n t i c i p a t e d  t h a t  w i th in  10 

y e a r s  af ter  t h e  d iscovery  of t h e  r a d i a t i o n  be l t s ,  i . e .  1968, t h a t  a great 

weal th  of a d d i t i o n a l  experimental  d a t a  w i l l  be  avai lable  from t h e  r e c e n t  

s o p h i s t i c a t e d  and h igh  d a t a  r a t e  s a t e l l i t e s  such as EGO'S and P ionee r s  

The magneto- 

provid ing  d e f i n i t i v e  as w e l l  as s imultaneous de t e rmina t ions  of 

p a r t i c l e ,  plasma, and f i e l d  phenomena. 

s e p a r a t e  
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FIGURE CAPTIONS 

F i g u r e  1. 

Figure. 2 .  

F i g u r e  3. 

Figure  4. 

P r o j e c t i o n  on the  e c l i p t i c  p lane  of t h e  t r a j e c t o r i e s  of s a t e l l i t e s  

and space probes which inves t iga t ed  t h e  s o l a r  wind i n t e r e c t i o n  

w i t h  the geomagnetic f i e l d  p r i o r  t o  1963. The p o s i t i o n  of  t h e  

boundary of t h e  r e g u l a r  geomagnetic f i e l d  and t h e  detached 

c o l l i s i o n l e s s  bow shock wave are shown es known a t  p r e s e n t .  

The p o s i t i o n  of t h e  moon is  shown i n  proper  s c a l e  as measured 

i n  e a r t h  r a d i i  ( R e ) .  

P a r t i c l e  and magnetic f i e l d  measurements wi th  Explorer  12 on 

t h e  in-bound pass  of September 13 ,  1961. These d a t a  i l l u s -  

t r a t e  t h e  t e rmina t ion  of t h e  geomagnetic f i e l d  a t  a g e o c e n t r i c  

d i s t a n c e  of 52,000 km ( = 8.2 R e )  and an enhanced f l u x  of e l e c -  

t r o n s  between 1 and 10 kev beyond forming t h e  quas i - thermal ized  

s o l a r  p lasma (Freeman, Van Al len ,  and C a h i l l ,  1963). 

Ene rge t i c  p a r t i c l e s  measurements obtained w i t h  Explorer  12 i n  

1961 by Freeman (1964). The r e l a t i v e  p o s i t i o n s  of t h e  va r ious  

reg ions  surrounding t h e  e a r t h  def ined  by t h e  f l u x  i n t e n s i t y  of 

e n e r g e t i c  e l e c t r o n s  are p ro jec t ed  onto  t h e  e a r t h ' s  e q u a t o r i a l  

p lane .  These inc lude  t h e  c l a s s i c a l  r a d i a t i o n  b e l t s  as w e l l  as 

t h e  quasi- thermalized p lasma forming t h e  magnetosheath. 

. .  

Simpl i f ied  diagram of t h e  geomagnetic f i e l d  a s  d i s t o r t e d  by t h e  

s o l a r  wind i n  t h e  noon-midnight magnetic meridian p lane  according 

t o  space i n v e s t i g a t i o n s  p r i o r  t o  1963. The " inner"  and "outer" 

r a d i a t i o n  b e l t s  are a l s o  shown. 
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F i g u r e  5. 

. -. 
Figure  6. 

. *  

Figure  7.  

F i g u r e  5. 

Figure  9.  

P r e s e n t a t i o n  of same t r a j e c t o r y  d a t a  as i n  F igu re  1 f o r  satel -  

l i t e  and space prcbe i w e s t i g a t i o n s  s i n c e  1963. 

Magnetic f i e l d  r e s u l t s  on out-bound o r b i t  number 1 of t h e  IMP-I 

sa te l l i t e  27 November 1963. Note t h e  t e rmina t ion  of t h e  r e g u l a r  

geomagnetic f i e l d  a t  11.3 Re and t h e  decrease i n  magnitude and 

r ap id  f l u c t u a t i o n s  of t h e  magnetic f i e l d  a t  16.8 Re,  i d e n t i f i e d  

as the c o l l i s i o n l e s s  bow shock wave (Ness e t  a l . ,  1965). 

Measurements of t h e  f l u x  o f  e l e c t r o n s  wi th  energy g r e a t e r  t han  

45 kcv on in-bound o r b i t  number 1 of IML'-I 3 December 1963 

showing coincidence of t rapping r eg ion  boundary wi th  magncto- 

pause a t  10.8 R e .  Note a l so  the  occurrence of i n t e n s e  t r a n s i e n t  

pulses of e l e c t r o n  f luxes  beyond t h e  magnetopause and w i t h i n  

t h e  rnagne t o o hea t  h . 
Coinparison of t h e  I I W - I  r e c t i f i e d  boundary c r o s s i n g s  w i t h  a h igh  

speed gas  dynamic shock model of S p r e i t e r  and Jones  (1962).  

The s tand-off  r a t i o  o r  equiva1entl.y t h e  s p e c i f i c  h e a t  ratit0 

has been ad jus t ed  t o  match t h e  obsc rva t i cns .  The pred ic t ed  

s h a p e  of t he  shock is  secn t o  be r a t h e r  c l o s e l y  matched by 

obse rva t ions .  L l i s o  included i s  t h c  Explorer  10 t r a j e c t o r y ,  

a s  r o t a t e d  about t h e  ear th-sun l i n e .  

Magnetic f i e l d  and thermal plasma f l u x  measurements obtained 

wi th  t h e  IMP-I1 s a t e l l i t e  on o r b i t s  8 and 22 i n  October and 

November 1965. I d e n t i f i e d  a r e  t h e  magnetosphere and shock wave 

boundary c r o s s i n g s  on the b a s i s  of magnetic f i e l d  f l u c t u a t i o n s  

as ineasured by GXse and t h e  magnitude of t h e  magnetic f i e l d .  

( F a i r f i e l d  e t  a l .  , 1966) 



F i g u r e  10. 

F igu re  11. 

F igure  12. 

F igu re  13. 

. 
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I o n  s p e c t r a  i n  t h e  magnetosheath ob ta ined  w i t h  t h r e e  d i f f e r e n t  

s a t e l l i t e s  i n  October 1964 (Wolfe, e t  a l . ,  1966). The thermal- 

i z a t i o n  of t h e  s o l a r  wind plasma f l u x  i s  l a r g e  s i n c e  the.same 

instruments  g e n e r a l l y  d e t e c t  s o l a r  plasma i n  only one o r  two 

energy "channels." The r e l a t i v e  p o s i t i o n  of t h e  s a t e l l i t e s  is 

shown i n  t h e  r i g h t  s i d e  of t h e  diagram. 

Shor t  t i m e  r e s o l u t i o n  f l u x g a t e  magnetometer measurements a t  t h e  

bow shock w i t h  t h e  OW-I s a t e l l i t e  i n  1964 (Heppner, 1965). 

C l e a r l y  ev iden t  i s  t h e  12-second s a t e l l i t e  s p i n  modulation of 

t h e  f i e l d  magnetic f i e l d  as measured on t h e  Y a x i s  of t h e  in -  

strument.  The amplitude of t h e  s p i n  modulation and h ighe r  f r e -  

quency n o i s e  superimposed on t h e  wave form i n c r e a s e  s u b s t a n t i a l l y  

a t  and near  t h e  shock wave which is  d e t e c t e d  a t  00:02:11. 

High frequency sea rch  c o i l  magnetometer d a t a  from the GGO-I  

s a t e l l i t e  i n  1964 out-bound on o r b i t  36 (Ho lze r ,  e t  a l . ,  1966). 

Note t h e  t r a v e r s a l s  of t h e  bow shock wave a t  1912 and 1924. 

Note a l s o  t h e  presence of a small b u t  d e t e c t a b l e  12-second 

per iod f l u c t u a t i o n  due t o  s p i n  modulation i n  t h e  X, Y ,  Z 

channels.  

Observations of t h e  t e rmina t ion  of t h e  geomagnetic f i e l d  and t h e  

bow shock wave nea r  t h e  sun se t  t e r m i n a t o r  by Pioneer  6 on 

December 16, 1965. The magnetopause i s  d e t e c t e d  a t  12.8 Re 

and is i d e n t i f i e d  by t h e  magnitude dec rease  and r m s  d e v i a t i o n  

(6D1) inc rease .  The n o i s e  l e v e l  w i t h i n  t h e  magnetosheath i s  

an  o r d e r  of magnitude h ighe r  t han  t h e  i n t e r p l a n e t a r y  and mag- 

netosphere l e v e l s  and i n c r e a s e s  nea r  t h e  shock a t  20.5 R e .  

(Ness et a l . ,  1966). 
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.. 

F i g u r e  14. P r o j e c t i o n  of t h e  magnetopause and shock wave p o s i t i o n s  as 

observed by t h e  IMP-3 s a t e l l i t e  i n  1965. 

metrical p o s i t i o n  of t h e  magnetopause and shock wave boundaries 

w i t h  r e s p e c t  t o  t h e  ea r th - sun  l i n e .  The asymmetry i s  i n  t h e  pro- 

p e r  s ense  f o r  i n t e r p r e t a t i o n  as t h e  a b e r r a t i o n  e f f e c t  on t h e  

d i r e c t i o n  of s o l a r  plasma flow due t o  t h e  h e l i o - c e n t r i c  motion 

of t h e  e a r t h .  (Ness e t  a l . ,  1966). 

Note t h e  non-sym- 

F igure  15. Schematic diagram of t h e  n igh t  s i d e  of the geomagnetosphere. 

The s o l a r  wind i n t e r a c t i o n  wi th  t h e  geomagnetic f i e l d  extends 

t h e  f i e l d  from t h e  po la r  caps toform a magnetic t a i l  and embedded 

n e u t r a l  shee t .  The lower f i g u r e  i l l u s t r a t e s  a magnetosphere 

model i n  which magnetic merging is n e g l i g i b l e  ac ross  t h e  n e u t r a l  

s h e e t  (Dess l e r  and Juday , 1965). The upper f i g u r e  i s  one i n  

which merging is  apprec iab le  and t h e  development of an enhanced 

plasma s h e e t  i n  t h e  magnetic t a i l  is  p red ic t ed  (Axford et a1.,1965). 

Measurements of t h e  e a r t h ' s  magnetic t a i l  f i e l d  near  t h e  midnight 

meridian p l ane  by IMP-I on o r b i t  number 41 i n  e a r l y  May 1964. 

The d i r e c t i o n  of t h e  f i e l d  i s  observed t o  p a r a l l e l  t h e  e a r t h -  

sun l i n e  wi th  a r a p i d  change from a n t i - s o l a r  t o  s o l a r  d i r e c t e d  

when in-bound a t  a r a d i a l  d i s t a n c e  of 16 R e .  Th i s  i s  i n t e r -  

p re t ed  t o  r e p r e s e n t  t r a v e r s a l  of t h e  magnetic n e u t r a l  s h e e t  i n  

t h e  e a r t h ' s  magnetic t a i l  and is  c h a r a c t e r i s t i c  of m u l t i p l e  

obse rva t ions  of t h i s  phenomena by IMP-I (Ness, 1965). 

F igu re  16. 

F igu re  17. P r o j e c t i o n  of t h e  equivalent  c u r r e n t  vec to r  p e r  u n i t  l eng th  

from f o r  t h e  e a r t h ' s  n e u t r a l  s h e e t  c ros s ings  obtained by t h e  

IMP-I s a t e l l i t e  i n  ear ly  1964 ( S p e i s e r  and Ness, 1966). The 

t a i l  of t h e  arrow i n d i c a t e s  t h e  s a t e l l i t e  p o s i t i o n  as p r o j e c t e d  
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on t o  t h e  X-Y s o l a r  magnetosphere e q u a t o r i a l  p l ane  and t h e  

l e n g t h  i n d i c a t e s  t h e  magnitude. 

of t h e  n e u t r a l  s h e e t  on one o r b i t a l  p a s s ,  such as o r b i t  45. 

C o r r e l a t i o n  of e n e r g e t i c  e l e c t r o n  f l u x  and magnetic f i e l d  measure- 

ments obtained on o r b i t  number 45 of t h e  IMP-I sa t e l l i t e  i n  

Hay 1964. 

a c r o s s  t h e  m u l t i p l e  n e u t r a l  s h e e t  c r o s s i n g s  which occur  between 

25-27 Re. Only ve ry  weak f l u x e s  of e l e c t r o n s  w i t h  energy 

g r e a t e r  t h a n  45 kev are observed. 

l i t e  moved 2.5 Re pe rpend icu la r  t o  t h e  s o l a r  magnetosphere 

e q u a t o r i a l  plane.  Twenty-four hours l a t e r ,  m u l t i p l e  n e u t r a l  

s h e e t  c r o s s i n g s  were a g a i n  observed between 17-18 Re. 

t h e  dec rease  of f i e l d  s t r e n g t h  below t h a t  expected between 

8-12 R e  and t h e  accompanyipg f l u c t u a t i o n s  of i n t e n s e  p a r t i c l e  

f l u x e s .  

Note s e v e r a l  m u l t i p l e  c r o s s i n g s  

F igu re  18. 

A dec rease  i n  t h e  magnetic f i e l d  s t r e n g t h  is  observed 

During t h i s  t i m e  t h e  satel- 

Note 

F igu re  19. Suggested n e u t r a l  s h e e t  and geoniegnetic t a i l  f i e i d  conc igura t io?  

f o r  l a r g e  ' 'angle o f  z t t ack"  cf t h e  sb lar  wind i n t c r s c t i o n  with 

t h e  geomagnetic f i e l d  as measured by xsS . The p r o j e c t i o n  i n  

t h e  noon-midnight meridian plane inc ludes  v e c t o r  measurements 

obtained w i t h i n  t h e  e a r t h ' s  magnetic t a i l  by t h e  IMP-I sa te l -  

l i t e  i n  1964. Neu t ra l  s h e e t  c r o s s i n g s  on o r b i t s  44 and 45 in- 

d i c a t e d  by d o t s  are a l s o  shown. ( S p e i s e r  and Ness, 1966). 

Represen ta t ion  of t h e  s o l a r  wind i n t e r a c t i o n  w i t h  t h e  geomagnetic 

f i e l d  i n  t h e  noon-midnight meridian p l ane  (Anderson, 1966). 

The r a d i a t i o n  b e l t s  are shown as c o n s i s t i n g  of a s t a b l e  t r a p p i n g  

zone confined w i t h i n  f i e l d  l i n e s  of up t o  approximately 7045' - 

Figure  20 .  
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l a t i t u d e  a l though a s t r o n g  day-night  asymetry exis ts .  I n  

a d d i t i o n  a p a r t i c l e  t a i l  or cusp r eg ion  i s  de f ined  on t h e  

Right  s i d e  of t h e  e a r t h  i n  which p a r t i c l e  motion i s  c o n t r o l l e d  

by a h igh ly  i n f l a t e d  d i p o l a r  magnetic f i e l d .  
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